In Brief
While various intervention strategies have reduced morbidity and mortality from malaria, further improvement is likely to depend on an effective vaccine. 
SUMMARY
In recent years, various intervention strategies have reduced malaria morbidity and mortality, but further improvements probably depend upon development of a broadly protective vaccine. To better understand immune requirement for protection, we examined liver-stage immunity after vaccination with irradiated sporozoites, an effective though logistically difficult vaccine. We identified a population of memory CD8 + T cells that expressed the gene signature of tissueresident memory T (Trm) cells and remained permanently within the liver, where they patrolled the sinusoids. Exploring the requirements for liver Trm cell induction, we showed that by combining dendritic cell-targeted priming with liver inflammation and antigen recognition on hepatocytes, high frequencies of Trm cells could be induced and these cells were essential for protection against malaria sporozoite challenge. Our study highlights the immune potential of liver Trm cells and provides approaches for their selective transfer, expansion, or depletion, which may be harnessed to control liver infections or autoimmunity.
INTRODUCTION
Plasmodium parasites have a complex life cycle involving several stages in both mosquito and mammalian hosts. During a blood meal, sporozoites are released into the skin, where they access the blood and travel to the liver for the first stage of replication in their mammalian host. Halting parasite growth within the liver prevents progression to the subsequent disease-causing erythrocytic stage of infection. Numerous vaccination strategies have been tested for protection against pre-erythrocytic stages, with some showing promise in clinical trials (RTS,S Clinical Trials Partnership, 2014; Seder et al., 2013; European Medicines Agency, 2015) . While targeting the pre-erythrocytic stages of Plasmodium development is by far the most clinically validated path to malaria vaccination, the approaches tested to date, including RTS,S, are far from optimal. One of the most clinically effective candidate vaccines uses radiationattenuated sporozoites (RAS) produced in aseptic mosquitos (Seder et al., 2013) , but this strategy suffers somewhat from logistical difficulties including scale and frequency of antigen dose and the route of administration. Identifying the basis of immune protection evoked by this vaccine, however, may allow development of more efficacious approaches. The ability of RAS to protect against malaria was first demonstrated in mice (Nussenzweig et al., 1967) and has been shown to require CD8 + T cells (Weiss et al., 1988) , although some contribution by humoral immunity is likely (Rodrigues et al., 1993) . Although very high numbers of circulating memory CD8 + T cells are required to maintain protection (Schmidt et al., 2008) , several studies using RAS to vaccinate mice have identified memory CD8 + T cell populations within the liver that have unique properties that may benefit immunity (Berenzon et al., 2003; Epstein et al., 2011; Nganou-Makamdop et al., 2012; Tse et al., 2013) . CD8 + T cell-mediated effector mechanisms responsible for protection in mice are not fully resolved, but cytotoxicity and effector molecules such as interferon-g (IFN-g) and tumor necrosis factor-a (TNF-a) make varying contributions depending on the species of Plasmodium tested (Butler et al., 2012) . The discovery of non-recirculating Trm cells within organs such as the skin and gut (Schenkel and Masopust, 2014) led to speculation that liver-resident memory T cells may be involved in protection against sporozoites (Tse et al., 2014) , though residency per se was never established. This conclusion was based on high expression of CXCR6 by liver-associated memory CD8 + T cells after RAS vaccination (Tse et al., 2013 ) and a reduction of both liver-associated memory and sporozoite immunity when T cells lack this receptor (Tse et al., 2014) . Imaging studies reveal CD8 + T cells (of undefined specificity) showing high motility within the liver sinusoids of immune hosts, suggesting that memory T cells survey for liver infection by patrolling the sinusoids (Cabrera et al., 2013) . More recently, resident populations of CD8 + T cells have been identified in the liver after LCMV infection (Steinert et al., 2015) . How these liver-resident populations are formed in response to this systemic infection and whether they represent the same types of T cells associated with malaria liver-stage immunity (Tse et al., 2014) is, however, unclear. Thus, although liver-associated T cells have been implicated in malaria immunity after RAS vaccination, their residence status and location are poorly defined.
Here, we have undertaken a detailed assessment of liverassociated memory CD8 + T cells generated by vaccination with the ''gold-standard'' malaria liver-stage vaccine, RAS. We identified a population of CD8 + T cells that patrol the liver sinusoids and reside permanently within the liver. We show that this liver-resident population can also be generated by a ''prime-and-trap'' vaccination strategy and that such liver-resident T cells can be harnessed for protection against sporozoite challenge.
RESULTS
Immunization with RAS Induces Liver-Resident Memory CD8 + T Cells
To examine CD8 + T cell immunity induced by RAS vaccination, we transferred 50,000 GFP + CD8 + T cells from the PbT-I T cell receptor transgenic mouse (specific for a malaria antigen expressed by both sporozoites and blood-stage parasites) (Lau et al., 2014) into wild-type B6 mice that were then vaccinated with 50,000 P. berghei ANKA (PbA) RAS. 31 days later, we assessed the phenotype of PbT-I CD8 + T cells in the liver and spleen. Based on expression of CD69 and KLRG1 or CXCR6, two distinct T cell populations were evident in the liver, but only one of these was found in the spleen ( Figure 1A ). The vast Figure S1 .
majority of KLRG1 + CD69 À cells in the spleen were CD62L À (not shown), identifying them as either effectors or effector memory T cells (Tem). Given the long-term persistence of this population ( Figure S1 ), we will simply refer to them as Tem cells. PbT-I cells expressing CD69, a marker of Trm cells in other tissues (Schenkel and Masopust, 2014) , were maintained in the liver for >100 days ( Figure 1B ) and represented $60% of intrahepatic
PbT-I T cells ( Figure 1C ), suggesting that they were also longlived. Microarray analysis of gene expression showed that PbT-I Tem cells in the spleen had virtually identical gene expression profiles to CD69 À KLRG1 hi cells in the liver ( Figure 2A and Table S1 ), indicating that these two populations were identical and most likely recirculating Tem cells. By examining the gene expression differences between these Tem cells and the . False discovery rate q value (FDR) of the enrichment scores (ESs) of upregulated expression gene sets from gut, lung, and skin Trm cells in liver Trm cells was 0.0000, 0.0003, and 0.0006, respectively. ES FDR of downregulated expression gene sets from gut, lung, and skin Trm cells in liver Trm cells were all 0.0000. ESs were considered significant when FDR < 0.05. All data were derived from a single experiment. Please see Table S1 and Figure S2 . 2A and 2B and Table  S1 ), many genes represented in the core gene signature of lung, skin, and gut Trm cells (Mackay et al., 2013) were similarly up-or downregulated in liver CD69 + KLRG1 lo T cells (now simply referred to as liver Trm cells), though a number of these differences did not reach statistical significance ( Figure 2B ). Geneset enrichment analysis of liver Trm cells also showed strong similarity to Trm cells from gut, skin, and lung ( Figures 2C and  2D ). Together, these data suggested that vaccination with RAS induced a memory T cell population exhibiting Trm cell gene expression in the liver.
To phenotype liver Trm cells in detail, we examined expression of a panel of surface proteins, some based on differential gene expression (Table S1 ). Figure S2 shows that liver Trm cells lacked CD103 expression and differentially expressed CXCR3, CXCR6, CD101, BTLA, FR4, Ly6ae, CD25, CD31, CD93, IL-4R, CD127, gp130, CD200R, and CD43, whereas Tem cells differentially expressed KLRG1, CX3CR1, and NKG2D.
To assess whether liver Trm cells homed to the liver, we transferred PbT-I cells from the livers of immune mice into naive mice and assessed homing after 3 days. Only Tem phenotype cells could be recovered, however, suggesting that Trm cells died upon transfer ( Figure 3A , top). Liver NKT cells also fail to survive adoptive transfer unless their cell-surface enzyme ARTC2.2 is blocked (Rissiek et al., 2014 Figure S3 ), so we simply parabiosed naive Ly5.1 and Ly5.2 B6 mice and assessed the Ly5 phenotype of liver T cells 14-17 days later ( Figure 3C ). This showed full mixing of naive, Tem, and central memory T (Tcm) cells, indicating that these cells recirculated between parabiont partners. Very little mixing of liver Trm cells, however, suggested that these cells were resident. We also examined recirculation of T cells in parabiotic mice where one partner had been transferred with PbT-I cells and immunized with RAS ( Figure 3D ). Lack of recirculation of PbT-I liver Trm cells between parabiont partners confirmed their liver-resident status, while exchange of PbT-I Tem cells indicated their capacity for recirculation. Together, protein and gene expression profiles, homing capacity, and parabiosis studies strongly indicate that RAS vaccination induces a liverresident population of memory CD8 + T cells.
Liver Trm Cells Patrol the Liver Sinusoids
Trm cells can be located within tissue epithelia or the central nervous system, having minimal access to the blood (Schenkel and Masopust, 2014) . This is not universal, however; tissue-resident T cells of the spleen, liver, and kidney may be located within the circulatory architecture (Geissmann et al., 2005; Schenkel and Masopust, 2014; Steinert et al., 2015; Thomas et al., 2011) . To identify the location of malaria-specific liver Trm cells, we used a technique described by Galkina et al. (2005) where a-CD8 mAb is injected prior to cell harvesting to selectively label cells within the blood. This showed that virtually all PbT-I memory CD8 + T cells in the liver were blood exposed ( Figures 3E and   3F ). However, endothelium of the liver is fenestrated, allowing rapid leakage of Ab into the tissue, potentially causing labeling of T cells located outside the sinusoids. To verify that malariaspecific memory T cells were located within the circulation, we used intravital multiphoton microscopy to visualize GFP-expressing PbT-I cells in the liver of RAS-vaccinated mice (Figure 3G and Movies S1 and S2) . This revealed that PbT-I cells were located largely within the liver sinusoids, migrating at $10 mm per min ( Figure 3H ). Many PbT-I cells showed an amoeboid shape and migration pattern akin to patrolling the sinusoid. Some appeared more rounded and essentially flowed in the blood, occasionally stopping within vessels. This latter group probably represented circulating Tem cells. Further, more detailed, phenotypic analyses of T cell migration patterns within the liver are provided later using an alternative vaccination approach. Given the fenestrated nature of liver sinusoidal endothelium, the close associations of sinusoids with hepatocytes, and the capacity of sinusoidal T cells to interact with hepatocytes (Guidotti et al., 2015; Warren et al., 2006) , the migration pattern (C) Recirculation of endogenous CD8 + T cells in parabiotic mice. Ly5.1 and Ly5.2 B6 mice were maintained in parabiosis for 14-17 days before testing Ly5.1 and Please also see Figure S4 .
2014), we delivered our peptide antigen to CD8a + DCs conjugated to a mAb that targets the surface receptor Clec9A, expressed by this DC subset. Because CD8 + T cell priming by Clec9A-targeted antigen requires adjuvant (Lahoud et al., 2011) , we combined this with either poly(I:C), a toll-like receptor-3 (TLR3) agonist, or CpG, a TLR9 agonist. The second stage of our strategy involved expressing antigen on hepatocytes to trap circulating primed CD8 + T cells in the liver, facilitating conversion to Trm cells. This was loosely based on the observation that T cells in the brain convert to CD103 + Trm cells upon antigen encounter (Wakim et al., 2010) and is akin to the ''primeand-pull'' approaches that use chemokines (Shin and Iwasaki, 2012) or inflammation (Mackay et al., 2012) to attract T cells to specific sites for Trm cell formation. Hepatocyte expression of antigen was achieved by using a recombinant adeno-associated virus (rAAV) that targets hepatocytes and expresses its antigenic cargo via the hepatocyte-specific a-1 antitrypsin promoter (Tay et al., 2014) . To track malaria-specific T cells after vaccination, we seeded mice with 50,000 PbT-I T cells and then used the agonistic peptide epitope NVYDNFLL (NVY) linked to aClec9A mAb or expressed in rAAV (rAAV-NVY) as our vaccine components. Analyses of liver and splenic PbT-I cells 34-36 days after vaccination, once viral antigen was cleared from the liver ( Figure S4 ), revealed effects of both adjuvant and viral components on memory T cell formation ( Figures  4B, 4D , and 4E). In the absence of the rAAV component, Clec9A-targeted priming with CpG was superior to poly(I:C) in forming liver Trm cells ( Figures 4B and 4D , left graph). When such priming was combined with rAAV-NVY (and therefore hepatic antigen expression), a greater number of Trm cells were induced, with CpG again superior to poly(I:C) ( Figures  4B and 4D , right graph). Challenge of these groups of mice with 200 sporozoites on day 35 after vaccination confirmed CpG to be a more effective adjuvant than poly(I:C) and revealed that in this experiment 100% of mice were protected against malaria when given the combined prime-and-trap vaccine with CpG and specific virus ( Figure 4C ). Protection in CpGtreated animals was not simply a consequence of exposure to this adjuvant because adjuvant alone (without Clec9A-targeted antigen) was not protective ( Figure 4F ). Formation of large numbers of liver Trm cells was, however, dependent on viral expression of specific antigen, since expression of an irrelevant antigen, e.g., ovalbumin (rAAV-OVA), did not enhance Trm cell formation ( Figure 4G ). To establish that PbT-I Trm cells generated by prime-andtrap vaccination were liver resident, we generated parabiotic mice between naive B6 mice and vaccinated B6 mice seeded with PbT-I cells ( Figure 4H ). This confirmed that PbT-I Trm cells remained in the livers of immune hosts, whereas Tem cells migrated between partners.
Comparison of protection induced by immunization with RAS to that generated by the prime-and-trap vaccine showed RAS to be less effective despite their potential to induce an additional antibody component ( Figure 5A ). Greater protection by the prime-and-trap regime again correlated with higher numbers of liver Trm cells ( Figure 5B ). Intravital imaging of prime-and-trap vaccinated mice further confirmed efficient formation of liver-patrolling Trm cells within the sinusoids (Movies S3 and S4).
Liver Trm Cells Show a Distinct Migration Pattern Relative to Tem Cells
To better define the migration patterns of Tem and Trm cells in the liver, we took advantage of the observation that CXCR6 and CX3CR1 were expressed reciprocally by these cells (Figure S2) . We crossed PbT-I mice to either Cx3cr1-GFP mice to express GFP in Tem cells or to Cxcr6-GFP mice to express GFP mainly in Trm cells ( Figure 5C ) and then examined the migration pattern of GFP-expressing cells in vaccinated mice ( Figure 5D and Movies S5 and S6). Multiphoton microscopy revealed that Tem cells were rounded in shape and flowed rapidly in the sinusoids but occasionally stopped briefly, sticking in the sinusoids. In contrast, Trm cells appeared more amoeboid in shape and migrated with a crawling action (patrolling) along the sinusoids. Tem cells had a broad range of velocities, with most tracked cells moving slower than Trm cells, but tracking constraints meant that this analysis excluded cells present for <4 frames such as those flowing rapidly in the vessels (Figures 5E and 5F). Examination of circularity (Figures 5G and 5H), a 2-dimensional measure of roundness, confirmed that Tem cells were generally rounder than Trm cells, most likely because patrolling Trm cells crawled along the sinusoids, slightly stretching their cell bodies.
Protection by Prime-and-Trap Vaccination Depends on Trm Cells
Our findings indicated a significant correlation between protection and the number of Trm cells or Tem cells in the liver, though the correlation coefficient was higher for Trm cells ( Figure 6A ). To directly address the role of Trm cells in protection, we examined microarray data for specific markers to deplete Trm cells. One marker, CXCR3, was expressed by all liver Trm cells and was largely absent from Tem cells ( Figure 6B ). Injection of mAb to this marker into prime-and-trap vaccinated mice on days 32 and 34 after vaccination revealed almost complete depletion of liver Trm cells by flow cytometry (Figures 6C-6F ) and a loss of cells of a patrolling phenotype by intravital imaging (Movie S7) with no significant loss of splenic or liver Tem cells ( Figures  6C-6F ). When similarly treated mice were challenged with 200 sporozoites on day 35 after vaccination, protection was completely lost in the mice depleted of Trm cells ( Figure 6G ), implicating these cells in protection. Consistent with this conclusion, protection was also lost after depleting mice of CD8 + cells ( Figure 6H ) but was not lost in CD1d-deficient mice, which lack NKT cells, another CXCR3 + liver cell type ( Figure 6I ), nor in mice depleted of a combination of CD4 + and NK1.1 + cells, which would include NKT and NK cells ( Figure 6J ). We also depleted CXCR3 + cells from mice immunized twice with RAS, which lost protection ( Figure 6K ) and showed a significant increase in parasitemia on day 6 (mean parasitemia in isotype-treated mice 0.08%; mean parasitemia in a-CXCR3-treated mice 0.95%; p = 0.0001, two-tailed Mann-Whitney test). These data support the conclusion that liver Trm cells are critical for protection after vaccination with prime-and-trap or RAS.
To compare effector molecule expression by Trm and Tem cells, PbT-I cells from mice vaccinated by prime-and-trap were examined for expression of IFN-g, TNF-a, and granzyme B and the degranulation marker CD107a (Figures 7A-7F ). Mice used in these experiments were injected with anti-ARTC2.2 nanobody 15 min before harvesting liver T cells because, without treatment, Trm cells showed poor survival during the 6 hr in vitro re-stimulation (not shown). This analysis revealed greater effector function by Trm relative to Tem cells, consistent with Trm cells being the dominant mediators of protection.
Modeling Identifies the Relationship between Trm Cell Numbers and Liver Surveillance Time
To quantitatively predict requirements for control of liver-stage malaria by liver Trm cells, we have developed a mathematical model for liver surveillance, detailed in the Supplemental Experimental Procedures. Our first-generation model was based on various estimates and assumptions including (1) Trm cells patrol at 10 mm per min (from Figure 3H ), (2) T cell movement can be modeled as a Weiner process (Zaid et al., 2014) , (3) the mouse liver is $1 cm 3 (Melloul et al., 2014) , and (4) sinusoids branch about every 50 mm (based on observations from imaging). The liver sinusoidal network was crudely modeled as a three-dimensional cubic lattice with vertices spaced 50 mm apart ( Figure 7G ) and Trm cells were allowed to move in three dimensions along cube edges, which represent the sinusoids. We estimated the time for a given number of Trm cells to survey a proportion of the liver sinusoid network ( Figure 7H ). This revealed a substantial $4.5-fold difference in time to survey 100% of the liver compared to 99%, with only a small additional reduction for 98%. This model estimated that approximately 2.5 million Trm cells were required for 99% coverage within the critical 48 hr window of liver-stage infection. Real values ( Figure 6A ) suggest that approximately one-tenth this number of Trm cells (as detected by flow cytometry) were 100% protective. Because flow cytometry has been reported to detect only about 20% of T cells in the liver (Steinert et al., 2015) , these real numbers approach those predicted in the model for surveillance of 99% of the liver. By refining this model further, we hope to establish the importance of parameters that affect protection, such as Trm cell number, infectious dose, and antigenic properties of the vaccine and parasite.
DISCUSSION
Here we have shown that although various CD8 + T cell populations i.e., naive T, Tem, and Tcm cells, can recirculate through the liver, this organ also contains a population of Trm cells. These cells express an array of surface markers, most notably CD69, they lack expression of CD103, and they express increased amounts of the effector molecules granzyme B, IFN-g, and TNF-a. A previous study also revealed distinct differences between splenic and liver T cell populations after sporozoite vaccination, suggesting that liver T cells expressed a unique transcriptional profile (Tse et al., 2013) . Our study largely agreed with this report, with some notable differences. We confirmed differential expression of molecules such as CXCR6, CD69, and CXCR3 by liver T cells, but distinguished two main populations in the liver, one that expressed these markers and was resident (Trm cells) and one that recirculated and lacked marker expression (Tem cells). In contrast to our study, the earlier report also found a moderate proportion of splenic T cells expressing CD69, CXCR6, and CXCR3. This may relate to their use of P. yoelii sporozoites, because this species can provide chronic antigenic stimulation (Cockburn et al., 2010 ), a property not seen for PbA (Lau et al., 2014) . Chronic antigenic stimulation may also explain why the earlier study found increased expression of cell cycle genes in liver Trm cells not seen in our study. One final difference was expression of IL-7R (CD127), which we found elevated in liver Trm over Tem cells whereas the earlier study reported higher expression in the spleen than the liver. This may relate to a greater presence of Tcm cells in the splenic T cell population responding to P. yoelii, as this T cell subset expresses high amounts of CD127. Like liver-resident NKT cells (Thomas et al., 2011) , liver Trm cells were found in the sinusoids, where they showed a patrolling phenotype. Such patrolling surveillance has been reported for NKT cells of the liver (Geissmann et al., 2005) and for effector T cells (Guidotti et al., 2015) , the latter of which are able to survey hepatocytes for antigen expression by reaching through the fenestrated endothelium of the sinusoids (Guidotti et al., 2015; Warren et al., 2006) . In a study of mice vaccinated with a malaria antigen, similar patrolling activity was observed for CD8 + T cells in the liver (Cabrera et al., 2013) . Although these CD8 + T cells were identified only by CD8 expression and additional phenotyping or antigen specificity was not provided, this study highlighted the liver sinusoids as a potential site for parasite surveillance. Adoptive transfer of liver-associated T cells by these authors resulted in cells that failed to patrol, but remained rounded and motionless in the liver, whether recipients were infected or naive. Our observation that liver Trm cells die upon adoptive transfer offers an explanation for these rounded cells, which may be surviving Tem or dying Trm cells. Although parabiotic studies indicated that liver Trm cells remained within their parental livers for several weeks, it is conceivable that even if these intrahepatic cells occasionally entered the broader circulation, their ability to home back to the liver would limit loss long-term. It will be important to define those receptors that enable liver homing by the treated populations.
Our report suggests that tissue residency need not be purely maintained by location within tissue stroma, as is the case for Trm cells in most tissues, but can be maintained within a blood compartment. This agrees with an earlier study using LCMVinfected mice (Steinert et al., 2015) , though this study had not precisely defined the location of liver Trm cells. Our intravital imaging studies show that the vast majority of RAS-and vaccine-induced T cells patrol the sinusoids.
Seeding Trm cells in the liver was best achieved by combining splenic priming with antigen recognition in the liver. This is remi- 
niscent of CD103
+ Trm cells in the brain, which also require local antigen recognition for their conversion (Wakim et al., 2010) . Notably, however, liver Trm cells, like some gut and lymphoid-tissue Trm cells (Bergsbaken and Bevan, 2015; Schenkel and Masopust, 2014) , do not express CD103. This may hint at important differences between Trm-like cells in different tissues or simply relate to a lack of CD103-ligand expression in these sites. Although antigen recognition strongly influenced Trm cell formation, the adjuvant used also affected outcome, with CpG being notably more effective that poly(I:C). Signaling through TLR9 has been reported to induce intrahepatic myeloid cell aggregates that enable CD8 + T cell proliferation in the liver (Huang et al., 2013) , which raises the possibility that improved formation of Trm cells after CpG administration may relate to a liver-associated inflammatory response, much as inflammation associated with DNFB application to the skin seeded skin Trm cells (Mackay et al., 2012) .
Although not significant, array analysis showed downregulation of Eomes in liver Trm cells. Downregulation of this transcription factor is important for skin Trm cell development (Mackay et al., 2015) and may be repressed by IL-12, a cytokine induced more efficiently by CpG than poly(I:C). Recent studies in non-human primates have correlated liver CD8 + T cell numbers with protective efficacy after i.v. RAS vaccination (Ishizuka et al., 2016 (Schenkel et al., 2013) , to participate in protection is unclear. So far, we have not identified a mAb that can deplete Tem cells alone to measure their contribution. Our vaccination strategy is a complicated 2-stage approach that is currently impractical for use in the field. However, this proof of concept offers three important advances for next-generation vaccine development. First, it tells us that strategies that maximize liver Trm cell numbers are likely to be of greatest efficacy. Second, it highlights that adjuvant can influence Trm cell formation. And third, it shows that antigen encounter within the liver enhances Trm cell formation. Our future goal is to develop targeting strategies that do not require i.v. vaccine delivery. Antibodybased vaccines, such as a-Clec9A introduced s.c., can readily access the blood and, therefore, i.v. injection is not essential. Evidence that the nature of the adjuvant strongly influences liver Trm cell formation also justifies greater exploration of adjuvant options. Furthermore, Trm cell-based vaccination approaches could be married to vaccines that generate sporozoite-specific humoral immunity, with RTS,S being the obvious option, launching the next generation of more efficacious vaccines.
Our development of a mathematical model for liver surveillance provides a tool that can be further refined to assess important requirements for vaccine design. Knowledge of how Trm cell numbers affect time to survey the liver and the proportion of liver surveyed may determine our choice of antigen type or provide indications as to the value of combining multiple antigens. We can also begin to predict the relationship between the dose of invading sporozoites and the number of Trm cells required to protect. This can help estimate differences in the strength of vaccines required in endemic versus non-endemic areas where the daily dose of sporozoites is likely to vary.
Finally, there are broader implications for the role of Trm cells within the liver. First, these cells may participate positively in responses to viral and bacterial pathogens that infect the liver. Second, their role in infection-related immune pathology of the liver or autoimmune liver diseases needs careful consideration. Susceptibility to depletion via the ARTC2-dependent P2X7 pathway may provide opportunities to limit destructive responses, and blocking this pathway may enhance immunity to pathogens that cause liver damage.
EXPERIMENTAL PROCEDURES
Mice, Mosquitos, Parasites, and Infections All procedures were performed in strict accordance with the recommendations of the Australian code of practice for the care and use of animals for scientific purposes. The protocols were approved by the Melbourne Health Research Animal Ethics Committee, University of Melbourne (ethic project IDs: 0810527, 0811055, 0911527, 1112347, 1413367, 1513505, 1513639) . C57BL/6 (B6), B6.Ly5.1, GFP, mT/mG, PbT-I, CD1d-deficient, Cxcr6-GFP, Cx3cr1-GFP, and gBT-I mice were used between 6 and 12 weeks. More details can be found in the Supplemental Experimental Procedures. Animals used for the generation of the sporozoites were 4-to 5-week-old male Swiss Webster mice purchased from the Monash Animal Services (Melbourne, VIC, Australia) and maintained at the School of Botany, The University of Melbourne, Australia.
Anopheles stephensi mosquitoes (strain STE2/MRA-128 from The Malaria Research and Reference Reagent Resource Center) were reared and infected with PbA as described (Benedict, 1997) . Sporozoites were dissected from mosquito salivary glands (Ramakrishnan et al., 2013) , resuspended in cold PBS, and either left untreated for challenge experiments or irradiated with 20,000 rads using a gamma 60 Co source. For challenge experiments, 200
freshly dissected PbA sporozoites were injected i.v. as indicated in the figure legend. Blood smears were assessed for parasitemia up to day 12 after infection. Mice showing no evidence of blood-stage infection were assessed as protected.
CD8 + T Cell Adoptive Transfer
PbT-I CD8 + T cells were negatively enriched from the spleens and lymph nodes of mice from various genetic crosses as described (Smith et al., 2003) . 50,000 purified PbT-I cells in 0.2 mL PBS were injected intravenously into recipient mice. For further details see Supplemental Experimental Procedures.
Nanobody-Mediated Blocking of ARTC2.2 Mice were injected i.v. with 50 mg s+16a nanobody (Rissiek et al., 2014) diluted in 200 mL PBS and were killed 15 min later. T cells were enriched from the livers and adoptively transferred into naive recipient mice.
Parabiotic Mice
Surgery for generation of parabiotic mice was performed as described (Jiang et al., 2012) . For more details see Supplemental Experimental Procedures.
Virus for Vaccination
Recombinant adeno-associated virus (rAAV) was prepared as described previously (Tay et al., 2014) . These vectors express membrane-bound ovalbumin bicistronically with green fluorescent protein (GFP). For the rAAV-OVA vector, this structure was maintained. For the rAAV-NVY vector, the sequence encoding for the natural SIINFEKL epitope of OVA was replaced with the sequence encoding for the PbT-I agonist epitope NVYDNFLL (NVY).
Vaccination
For vaccinations with RAS, B6 mice were injected i.v. with 50,000 RAS. For prime-and-trap experiments, B6 mice were injected i.v. with 8 mg or 16 mg of rat a-Clec9A (clone 24/04-10B4) genetically fused to the PbT-I agonist epitope NVY. Anti-Clec9A-NVY (10B4-NVY) was injected with an adjuvant: either 5 nmol of a CpG oligonucleotide (CpG) generated by linking (5 0 to 3 0 ) CpG-2006 to CpG-21798 (Krieg, 2006; Samulowitz et al., 2010) or 50 mg polyiosinic-polycytidylic acid (poly(I:C)) (Amersham). One day later, mice were infected i.v. with 10 9 or 10 10 vector gene copies of rAAV expressing NVY or OVA as described.
Statistical Analysis
Figures were generated using GraphPad Prism 5 (GraphPad Software). Data are shown as mean values ± SEM. Statistical analyses were performed with GraphPad Prism 5, R statistical program, and GSEA software. The statistical test used and p values are indicated in each figure legend. p < 0.05 was considered to indicate statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. Organ processing, flow cytometry, intravital mulitphoton microscopy, CD8 T cell exposure to blood, depletion of liver T cells, and assessment of effector function are described in detail in the Supplemental Experimental Procedures.
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